Tests of universal three-body physics in an ultracold Bose-Fermi mixture 
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Recent measurements of Efimov resonances in a number of ultracold atom species have revealed 
an unexpected universality, in which three-body scattering properties are determined by the van der 
Waals length of the two-body interaction potential. To investigate whether this universality extends 
to heteronuclear mixtures, we measure loss rate coefficients in an ultracold trapped gas of 40 K and 
87 Rb atoms. We find an Efimov-like resonance in the rate of inelastic collisions between 40 K 87 Rb 
Feshbach molecules and 87 Rb atoms. However, we do not observe any Efimov-related resonances in 
the rates of inelastic collisions between three atoms. These observations are compared to previous 
measurements by the LENS group of Efimov resonances in a 41 K and 87 Rb mixture as well as to 
recent predictions. 



Magnetically tunable Feshbach resonances in ultracold 
atomic gases make it possible to explore a vast array of 
phenomena [1|, and recent years have witnessed a rapid 
evolution in the understanding of universal few-body ef- 
fects that accompany resonantly enhanced two-body in- 
teractions. First proposed in the context of nuclear the- 
ory, the Efimov effect consists of an infinite series of 
three-body bound states when the two-body scattering 
length a diverges [2J-|5|. These Efimov trimers exist even 
when the two-body potential does not support a bound 
state, and their spatial extent can reach far beyond the 
length scale of inter-particle forces. Most notably, Efi- 
mov trimers follow a discrete scale invariance, with each 
subsequent bound state larger than the last by a scaling 
factor of e n / s ° ~ 22.7 for identical bosons. 

Several ultracold atom experiments have now lever- 
aged tunable interactions to measure Efimov physics [6|- 
Il5| . In these dilute gases, weakly bound Efimov trimer 
states mediate inelastic collisions and give rise to a rich 
spectrum of atom loss resonances as a function of a [4| . 
A surprising result of these experiments has been the 
emergence of a pattern in the locations of the Efimov 
loss resonances for homonuclear trimers, which consis- 
tently appear at a sw —9.1 Z v dw f° r different nuclear spin 
states [l3| , different Feshbach resonances 14| , and differ- 
ent atomic species |7H9l llllll3l - ll5j . where l v dw is the two- 
body van der Waals length. The three-body parameter 
that sets the locations of Efimov resonances was previ- 
ously understood to be a non-universal quantity subject 
to the unique details of each system's interaction poten- 
tial at short range [3ll4lll6|. However, recent theoretical 
work has shown that van der Waals potentials in cold 
atoms are resp onsible for screening these non-universal 
details 17h21|. A universal three-body parameter has 
also been predicted for heteronuclear mixtures 22 1. 

Extending the study of Efimov trimers to mixtures of 
atom species is of particular interest in exploring univer- 
sal three-body physics [l|, [lfj, |23h25| . In these systems, 
only two of the three pairwise interactions are resonant 
and the Efimov scaling factor depends on the mass ra- 
tio of the constituent particles |4( . Halo nuclei, in which 



two neutrons orbit a heavier nuclear core at a distance 
well beyond the classically allowed radius, are an example 
of Efimov-like three-body physics for a mass-imbalanced 
system [26|, l27j. However, in cold atom systems there 
has been only one clear measurement of mixed-species 
Efimov trimers to date, in work carried out by the LENS 
group for a mixture of 41 K and 87 Rb atoms [lOj. 

In this Letter, we investigate Efimov physics in a sec- 
ond quantum gas mixture, namely 40 K and 87 Rb atoms, 
where we measure rates of inelastic loss near an inter- 
species Feshbach resonance. We report the observation 
of an Efimov-like resonance in collisions between 87 Rb 
atoms and 40 K 87 Rb Feshbach molecules, but no observed 
Efimov resonances in three-body atom loss. If the three- 
body parameter is universal for heteronuclear trimers, 
then Efimov resonances connected to RbRbK trimers 
should occur at similar values of a for mixtures of 40 K 
ad 87 Rb and for mixtures of 41 K ad 87 Rb ^. There- 
fore, we compare our measurements with the previous 
observations by the LENS group [101 ] . 

Our measurements of inelastic loss start with an ultra- 
cold gas mixture of bosonic 87 Rb atoms in the |/, rrif) = 
|1,1) state and fermionic 40 K atoms in the |9/2, — 9/2) 
state, which are the lowest energy hyperfine states in a 
magnetic field. Here, / corresponds to the total atomic 
angular momentum and mj is its projection. The atom 
gas is prepared near the onset of quantum degeneracy, 
with the temperature T above 1.1 T c for 87 Rb and above 
0.2 Tp for 40 K, where T c is the transition temperature 
for Bosc-Einstein condensation and Tp is the Fermi tem- 
perature. The gas is confined in a far-detuned optical 
dipole trap formed by a focused beam of 1090 nm light. 
The radial and axial trap frequencies for 87 Rb range from 
400 to 500 Hz and 6 to 10 Hz, respectively, with corre- 
sponding frequencies for 40 K higher by a factor of 1.4. 
By measuring the resonant absorption of probe beams 
directed along a radial trap direction, both atom species 
are imaged within a few milliseconds of their release from 
the optical trap. In these images, the atom distribution 
is nearly in-situ along the weak axial trap direction, and 
fully in momentum-space along the tight radial direc- 
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FIG. 1. (Color online) (3 vs. a, for collisions of 40 K 87 Rb 
molecules with 40 K atoms in the |9/2, —7/2} state (open trian- 
gles), with 40 K atoms in the |9/2, —9/2) state (open squares), 
and with 87 Rb atoms in the |1, 1) state (solid diamonds). Ver- 
tical error bars correspond to one standard deviation and rep- 
resent statistical error in /3. Horizontal error bars correspond 
to a ±0.02 G error in B, which is an upper bound on the varia- 
tion in B across the cloud. A broad resonance is evident in the 
87 Rb+ 40 K 87 Rb loss rate data. The solid curve shows Eq. J2| 
with Efimov parameters a, — 230(10) ao, r\ t — 0.26(3), and 
C fi = 3.2(2). 



tion. In-trap density profiles are determined from fits 
to Maxwell-Boltzmann distributions, assuming ballistic 
expansion. An s-wave magnetic Feshbach resonance is 
used to control interactions between the 87 Rb atoms and 
the 40 K atoms, where the scattering length at a magnetic 
field B near the resonance is given by a = db g (l — B A B ), 
with a bg = -187 a 0) Bq = 546.618 G, A = -3.04 G, and 
ao is the Bohr radius [28| . 

We begin by considering inelastic atom-molecule colli- 
sions. Weakly bound molecules, which exist on the pos- 
itive a side of the Feshbach resonance, can undergo col- 
lisional vibrational relaxation into deeply bound states. 
The energy released in this process is sufficiently large 
that both collision partners are lost from the trap. The 
inelastic collision rate is enhanced when a is tuned to a 
value where an Efimov trimer state is degenerate with the 
atom- molecule threshold [4J, [29J . Such Efimov resonances 
have been observed as broad loss features for 133 Cs 130J 
and 6 Li dimers 



13l31|. 



For the case of 87 Rb atoms and 40 K 87 Rb Feshbach 
molecules, Helfrich et al. have suggested that an Efimov 
resonance exists just outside the range of previous loss 
measurements 2J, |32j . To determine whether an Efimov 
resonance is in fact present, we measure molecule loss 
over a wider range of a. We compare results for molecules 
colliding with three different partners: 87 Rb atoms in the 



|1, 1) state, 40 K atoms in the |9/2, —9/2) state, and 40 K 
atoms in the 1 9/2, —7/2) state. Here, Efimov resonances 
are only possible for the first case, and, in the last case, 
the atom collision partner does not participate in the 
Feshbach resonance. 

For these measurements, the atom gas mixture is typi- 
cally prepared at a = —300 ao and T — 300 nK. The mag- 
netic field is slowly swept across the Feshbach resonance 
at a rate of 3 G/ms to form KRb Feshbach molecules 
by magnetoassociation 33]. In order to prepare a pure 
sample of molecules and one particular atom species, we 
use a combination of resonant light and RF pulses to se- 
lectively remove unpaired 40 K, or 87 Rb, atoms from the 
trap. The 87 Rb atom removal is most efficient for a small 
sample, so K+KRb collisions are measured with an ad- 
ditional confining laser beam that increases the K axial 
trap frequency to 30 Hz. For the case of non-resonant 
atom-molecule collisions, we transfer the 40 K atoms into 
the 1 9/2, —7/2) hyperfine state using RF adiabatic rapid 
passage. 

To measure trap loss rates, we sweep the magnetic field 
to the value desired for the loss measurement at a rate 
that is fast in comparison to loss timescales, wait a vari- 
able hold time, turn off the optical trap, and then jump 
the magnetic field back across the Feshbach resonance at 
a rate of 50 G/ms to dissociate the molecules. From im- 
ages of the resulting atom clouds, we extract the number 
of molecules, the number of free atoms, and the in-trap 
34J . The atom- molecule collisions are char- 



cloud sizes 

acterized by a loss rate coefficient /3, which is defined by 

N KRb (t) - N A (t) = -0 [ d 3 r n KRh {r,t) n A (r,t), (1) 



where riKRb(r,£) is the number density of the molecules 
and nA(r,£) is the number density of the atoms. We 
extract (3 by fitting the measured loss of atoms and 
molecules to numerical solutions of coupled Eqs. (fl). 
These solutions account for heating by including the mea- 
sured cloud sizes at each point in time. We estimate that 
the systematic uncertainty in /3, which is limited by the 
uncertainty in the measured in-trap densities, is ±40%. 
The plot of (3 vs. a in Fig. Q] reveals a resonance in the 
collisions between KRb molecules and Rb atoms, which 
we attribute to an Efimov-like RbRbK bound state. This 
is consistent with the absence of a resonance in the loss 
of KRb molecules to collisions with K atoms in either 
hyperfine state. The universal shape of an atom-molecule 
Efimov resonance at T — is given by Ref. [24|, 



m = cp- 



sinh(2?7*) 



ha 



sin [so ln(a/a*)] ± sinh (77*) mi 



(2) 



Here, 77* sets the Efimov resonance width and a* sets 
the scattering length at the peak of the Efimov reso- 
nance. In the 40 K- Rb mixture, so=0.6536 and toi is 
the mass of 40 K (24J . The solid line in Fig. [T] shows a fit of 
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FIG. 2. (Color online) a vs B. There are two clear peaks 
near 546.6 G and 547.4 G: The first is the s-wave Feshbach 
resonance that we use to control a, and the second, much 
narrower feature we attribute to a d-wave interspecies Fesh- 
bach resonance. Vertical error bars show the statistical uncer- 
tainty in a, and horizontal error bars show an upper bound 
of ±0.03 G for the variation in B during the measurement. 
Inset: a vs. B near the feature at 547.4 G. The solid, dot- 
ted, and dashed lines show the universal shape of an Efimov 
resonance, Eqs. Q and ([S]), for 77* = 0.1, 77* = 0.02, and 
77* = 0.004, respectively. The data are not consistent with 
the shape of an Efimov resonance for any value of 77*. 



Eq. [2] to the measured Rb+KRb loss rate coefficients for 
a > 140 a , which gives a, = 230(10) a , 77* = 0.26(3), 
and Op = 3.2(2). The location of the loss resonance is 
consistent with the suggestion of a* = 200(50) ao made 
by Ref. 24J. This reference predicts Op = 10.1 for the 
40 K- 87 Rb mixture, however we note that a similar differ- 



ence between theoretical and measured amplitudes has 
also been seen for single-species atom-molecule loss reso- 

HSE|. 



nances 



We now turn our attention to three-body recombina- 
tion rates, which are widely used for measuring Efimov 
physics in cold atoms. Three-body recombination is an 
inelastic process, in which three atoms collide and form 
a diatomic molecule, with the remaining atom required 
for conservation of energy. Since each collision event typ- 
ically results in the loss of all three atoms from the trap, 
the inelastic collision rate can be extracted from mea- 
surements of atom loss. Three-body recombination is 
resonantly enhanced when an Efimov trimer state ap- 
proaches zero binding energy at a negative a denoted 
a_ [4J, [35 1 . On the other side of the Feshbach resonance, 
interference effects related to the Efimov states lead to 
minima in the three-body recombination rate at positive 
a denoted a + [J, |35j . These features modulate an over- 
all a 4 dependence of the three-body recombination rate 



that results in a large increase of atom loss rates near a 
Feshbach resonance [4|, |35| . 

In order to avoid crossing the Feshbach resonance, we 
prepare the atom gas mixture by evaporating at a field 
where \a\ « 300 ao on the same side of the Feshbach 
resonance as the field for the loss measurement, B. The 
magnetic field is then swept to B in a time that is short 
compared to the loss, and held for a variable time t. Fi- 
nally, the optical trap is turned off and the field is swept 
back to the evaporation value where the atoms are im- 
aged. 

Two collision channels exist for interspecies three-body 
recombination, which in our case are 87 Rb+ 87 Rb+ 40 K 
and 87 Rb+ 40 K+ 40 K. Only the first one supports Efimov 
resonances [4( , and the latter one involving two identical 
fermions is suppressed by Fermi statistics. For the first 
channel, an event rate coefficient a is defined by, 

N Rh (t) = 2N K (t) = -2a f d 3 r n K (r,t) n| b (r,t). (3) 

Here, 7iRb(r, i) and riK(r, t) are the densities of 87 Rb and 
40 K, respectively. From our measured cloud sizes and 
atom numbers as a function of t, we obtain a using an 
analysis similar to that described in Ref. [36J , which uses 
the measured atom densities at each time in order to ac- 
count for heating of the gas. We estimate the systematic 
uncertainty in a, which dominated by the uncertainty for 
measured in-trap densities, to be ±20%. 

In Fig. [21 we show the measured a as a function of B. 
We measure an increase of a by more than four orders of 
magnitude at the s-wave resonance at Bq =546.618 G. A 
second peak, on the order of 0.1 G wide, is also evident 
near 547.4 G. As illustrated in the inset to Fig. [21 this 
feature is not consistent with the expected shape of an 
Efimov resonance [2J], and we identify it as a two-body 
d-wave Feshbach resonance [37|, [38( . Because it is techni- 
cally challenging to control a near a narrow resonance, we 
exclude the data for B between 547.25 G and 547.50 G 
from further analysis. 

The lower panel of Fig. [3] shows the measured a vs. a. 
For comparison, we also plot the universal form for a as a 
function of a 24j with Efimov resonances at hypothetical 
locations. At negative a, 



a(a < 0) 



C a coth(7rso)sinh(277*) ha 4 

2 sin 2 [s ln(o/a_)] ±sinh 2 (77 >f ) mi 



(4) 



whereas for positive a, 

/ sin 2 [s ln(a/a+)] ±sinh 2 77, 

a{a > 0) = C a \ 2 

\sinh (ns + 77*) ± cos 2 [so ln(o/a+)] 

coth(7rso)cosh(77 !) ,)sinh(77 H ,) \ ha 4 

sinh 2 (7rso + 77*) + cos 2 [so ln(a/a+)] J mi ' 

(5) 

where the coefficient C a is 345 [24J. For the curves in 
Fig. [31 we use 77* = 0.02, which gives the best agreement 



1 K£22h — i 1 1 J 1 r- 

- r* l Vw*i'Sj- 1 — ' ' ' ' 1 1 — 




*r •• K 



-10' 



FIG. 3. (Color online) Lower panel: a vs. a. The error bars correspond to those in Fig. [2] The solid line shows an a 4 
dependence, which is expected in the absence of Efimov resonances. In order to clarify the range of a for which Efimov 
features are excluded, we include dashed and dash-dotted lines corresponding to universal Efimov resonance shapes located 
at a_ = —200 ao and a_ = —3000 ao, respectively. Similarly, the dash-dot-dotted and dotted lines show hypothetical Efimov 
interference minima at a+ = 3000 ao and a+ = 200 ao, respectively. We conclude that there are no Efimov features in the 
K- Rb mixture for —3000 < a_/ao < —200 and 200 < a+/ao < 3000. A narrow two-body Feshbach resonance blocks 
experimental access to the range —1090 < a/ao < —840 (shaded rectangles on axes). Upper panel: The ratio of Rb loss to K 
loss vs. a. The solid line shows ANptb/ANx = 2, which is expected for three-body recombination involving one 40 K atom and 
two 87 Rb atoms. 



to the overall magnitude of a in the measurements. We 
conclude that there are no Efimov features at negative a 
between -200 ao and -3000 ao or at positive a between 
200 a and 3000 o . 

The upper panel of Fig. |3] shows the measured ratio 
of 87 Rb loss to 40 K loss. Within the uncertainties, this 
ratio does not show a dependence on a, and the average 
value is 2.1(1). This is consistent with the dominant loss 
process involving two 87 Rb atoms and one 40 K atom. 

While the data in Fig. [3] cover a factor of twenty in a, 
this range is small compared to the Efimov scaling fac- 
tor of e ffs ° = 122.7 for 40 K- 87 Rb- 87 Rb 0, and therefore 
it is perhaps not surprising that we do not observe any 
Efimov features. It is experimentally challenging to ex- 
tend the range of a where universal Efimov physics can 
be explored. On the low \a\ side, this range is limited by 
the requirement that |a| be large compared to the phys- 
ical range of the interactions, which can be character- 
ized by the magnitude of the effective range R e [39144 lj , 
where R c = -140 a for 40 K- 87 Rb [l]. For higher |a|, 
the useful range of a is limited to k\a\ < 1, where k is 
the thermal wave number, k rj y/2jtKRbkBT/h, /cb is the 
Boltzmann constant, and fiKRb is the reduced mass for 
40 K and 87 Rb [42j. Our measurements of a at high \a\ are 
typically near T — 300 nK, which gives 1/kth — 3, 000 ao. 

One motivation for our work was the fact that het- 
eronuclear Efimov resonances have previously been seen 
in a mixture of 41 K and 87 Rb atoms, where the LENS 



group found a peak in a at a _=— 249 ao due to an 
87 Rb+ 87 Rb+ 41 K resonance [rJ. Given the similarity 
of 87 Rb+ 87 Rb+ 41 K and 87 Rb+ 87 Rb+ 40 K in mass ra- 
tios and van der Waal lengths, one would expect simi- 
lar locations for Efimov resonances in these two systems 
if the three-body parameter is universally determined 
by the two-body potential; however, we do not observe 
a resonance in our data (Fig. [3}. Given the relatively 
small \a\ for the observed 87 Rb+ 87 Rb+ 41 K resonance, it 
is possible that finite-range effects could play a role in 
explaining the absence of a resonance near this a_ for 
87 Rb+ 87 Rb+ 40 K. 

Finally, we can compare our measurements to univer- 
sal predictions for Efimov resonance locations in het- 
eronuclear mixtures. Hclfrich et at in Ref. [24j predict 
a * /|a_| = 0.51 for the 40 K and 87 Rb system. Based on 
our observed atom-molecule resonance, this would put 
an Efimov resonance in a at a_ = —430 ao, which is 
inconsistent with our measurements of three-body loss. 
However, we note that even for three identical bosons, 
measurements of a * /\a \ have so far not agreed with 
universal Efimov theory [TJ, |3Cj, |31| . 

Wang et at have generalized the three-body parame- 
ter's universality to heteronuclear mixtures and predict 
the absolute positions of Efimov resonances for three- 
body loss in K+Rb mixtures to be a + = 2800 a and 
a_ < —30,000 a 22]. These values are at or beyond 



the limits of our experimental range, which is consistent 



with the absence of loss features in our measurements of 
a. 

In conclusion, with an ultracold gas mixture of K 
and 87 Rb atoms, we observe an Efimov-like resonance in 
atom-molecule inelastic collisions, but no Efimov feature 
in three-body recombination. In comparing this with pre- 
vious data for a mixture of 41 K and 87 Rb atoms, we do 
not find evidence for universality of the three-body pa- 
rameter. Nevertheless, our data is consistent with a re- 
cent prediction, which is based on a universal three-body 
parameter, that puts the first universal Efimov resonance 
outside the reach of our experiments at a_ < —30, 000 ao- 
Additional data, including measurements for different 
systems, will help to address the question of universality 
in the locations of Efimov resonances for heteronuclear 
atom gas mixtures. In particular, heteronuclear systems 
with smaller scaling parameters offer the best chance for 
observing multiple Efimov resonances within an exper- 
imentally accessible range of \a\. Another direction for 
future work is to RF-associate atoms into a heteronuclear 
trimer state, in order to map out the trimer binding en- 
ergy as a function of a 43 1 . 
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